ABSTRACT The course of chemical reactions involving radical pairs may depend on occurrence and orientation of nuclear spins in the pairs. The influence of nuclear spins is maximized when the radical pairs are confined to a space that serves as a cage that allows a certain degree of independent diffusional and rotational motion of the partners of the pair but that also encourages reencounters of the partners within a period which allows the nuclear spins to operate on the odd electron spins of the pair. Under the proper conditions, the nuclear spins can induce intersystem crossing between triplet and singlet states of radical pairs. It is shown that this dependence ofintersystem crossing on nuclear spin leads to a magnetic isotope effect on the chemistry of radical pairs which provides a means of separating isotopes. on the basis of nuclear spins rather than nuclear masses and also leads to a magnetic field effect on the chemistry of radical pairs which provides a means of influencing the course of polymerization by the application of weak magnetic fields. PHYSICAL MODEL OF NUCLEAR SPIN "Spin" is the term used to describe an intrinsic and characteristic property associated with the angular momentum of a particle. A physical model ofspin is conveniently generated by the supposition that this property is the angular momentum that arises from a body rotating about its own axis. This classical model allows recognition of most of the important characteristics of quantum mechanical spin. For example, it provides an understanding of why charged particles with spin.possess an intrinsic magnetic moment and why charged particles without spin do not possess an intrinsic magnetic moment (1, 2) ( Fig.  .1) .
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PHYSICAL MODEL OF NUCLEAR SPIN "Spin" is the term used to describe an intrinsic and characteristic property associated with the angular momentum of a particle. A physical model ofspin is conveniently generated by the supposition that this property is the angular momentum that arises from a body rotating about its own axis. This classical model allows recognition of most of the important characteristics of quantum mechanical spin. For example, it provides an understanding of why charged particles with spin.possess an intrinsic magnetic moment and why charged particles without spin do not possess an intrinsic magnetic moment (1, 2) (Fig.  .1) .
The magnitude of the spin angular momentum of a particle is uniquely determined by the spin quantum number which may be a positive integral or half-integral number that is characteristic of the particle. For example, the value of the electronic spin quantum number(s) for an electron is +1/2. This value pertains whatever the state of the electron. On the other ,hand, the value of the nuclear spin quantum number (f) depends on the nucleus. Indeed, some nuclei (e.g., 12C, 160, 180) do not possess spin (f = 0), whereas others possess half-integral values (e.g.,. for 170 f = 5/2, for 1H f = 1/2, and for`3C e = 1/2) or integral values (e.g., for 2H e = 1). For simplicity, I shall consider some of the consequences of a simple model of spin for.a particle with spin quantum number of + 1/2.
According to the rules of quantum mechanics, the spin angular momentum of a rotating body is quantized and may take up only a discrete set of orientations with respect to any arbitrarily selected axis (Fig. 2) . With the z axis as a frame of reference, the allowed-orientations for a spin of +1/2 are "up" (a spin) and "down" (A spin). Quantum mechanics allows that only one axial component ofthe spin angular momentum vector can be specified. We shall arbitrarily select this component to be projected on the z axis. The specific orientation (termed the Schematicdescriptionof classical spinangularmomentum of a rotating particle. The spin angular momentum can be represented as vector quantity.whose magnitude is interpreted as the angular momentum resulting from the spin and whose direction represents the senseof the rotation. A particle with both mass and charge generates a magnetic field as it spins. This field can also be represented by a vector quantity, a magnetic moment. In the case of a charged particle, the "right-hand rule" applies for a positively charged particle (atomic nucleus) for both the direction of the angular momentum and the magnetic moment vectors. In the case of a negatively charged particle (electron), the magnetic moment vector is opposite in direction to the angular momentum vector. The orientation-in space ofa classical magnetic moment can assume any value relative to an applied magnetic field, but the magnetic moment of an electron or a nucleus in an external magnetic field is only allowed a few orientations-as specified by the laws of quantum mechanics.
"azimuth") of the vector in the xy plane cannot be determined precisely according to the rules of quantum mechanics because .the uncertainty principle requires that, if the z component of the angular momentum is precisely specified, then the x and y components cannot be specified. The range possible for orientations ofthe.angular momentum vector in the xy plane traces out a cone which is termed.a "cone ofprecession.for the vector. " The magnetic moment vector that is associated with the spinning charged particle behaves qualitatively in the same manner as the angular momentum vector. The magnetic moment is influenced by magnetic fields due to nearby spins and by applied magnetic fields.
I _ an arbitrary _ _ reference axis FIG. 2. Vector representation of the two possible orientations of the magnetic moment of a charged particle with spin 1/2 in an external field or relative to an arbitrary z axis. The absolute magnitude (h/2) of the component of the magnetic moment in the direction of the field is the same for the "up" (a) or the "down" (/3) situation but is opposite in sign-i.e., the allowed values of the angular momentum along the z axis are Sf, = +h/2, and Y, = -h/2. From the laws of quantum mechanics the vectors may lie in either of two cones, as shown. a precessional frequency w. The value of w is proportional to the magnitude ofH, where ,u is the magnetic moment associated with the spinning charged particle.
w ax.H [1] The vector model and Eq. 1 In most chemical reactions, each elementary chemical step along a reaction pathway proceeds without overall change in the intrinsic angular momentum of the electron spins-i.e., the spins of electrons are paired and conserved throughout the reaction sequence. In certain reactions, however, orbital uncoupling of electrons occurs and the chemical effects of electron spins become more likely.
It is natural to seek magnetic spin effects in reactions producing or destroying radicals because such reactions involve the production or destruction of net magnetic moments of electrons, and electrons interact strongly with themselves, with the magnetic moments of nuclei, and with. applied laboratory magnetic fields.
A radical pair (RP) is a simple example of a system for which transitions commonly occur between electronic levels of different electronic multiplicity (different net magnetic character) and without conservation of electronic spin. When correlated, the electronic spins of the two unpaired electrons may orient (Fig. 3 ) in a manner that either cancels completely, corresponding to a multiplicity of zero (the singlet state of the RP), or adds up to a value corresponding to a multiplicity ofunity (the triplet state of the RP). The state with a net electronic spin of 0 is termed a "singlet state" because it remains a single state in the presence ofa magnetic field. The state with a net electronic spin of 1 is termed a "triplet state" because the total electron spin may be oriented, according to the laws of quantum mechanics, in three different ways in a magnetic field-i.e., the total spin vector may take up three orientations in space (projections on the z axis termed + 1,,O and -1 as shown in Fig. 3 ). These three sublevels of the triplet state are termed T+, To, and T. for the situations in which both individual electron spins are "up," one spin is "up" and one spin is "down," and both spins are "down," respectively.
Singlet-triplet and triplet-singlet intersystem crossings (ISCs) in the RP under certain conditions may be induced by hyperfine electron-nuclear interactions which cause simultaneous exchanges in nuclear and in electron spin. In this way, nuclear spins, through the hyperfine interactions, can influence the rate of ISC in a RP and, as a consequence, also can influence the probability or efficiency in the self-reactions ofpair because the self-reactions available to the RP (recombination and disproportionation) can onIy take place in the singlet pair.
The nuclear spin isotope effect (or, as it has also been termed, "the magnetic isotope effect") results from the different rates of ISC between "magnetic" and "nonmagnetic" RPs (or, more generally, between RPs possessing different magnetic moments) and from the resulting different probability of combination of the pairs. The ratio of rates of combination of radicals for magnetic and nonmagnetic pairs provides a quantitative measurement of the magnetic isotope effect. Conditions for non-conservation of spin angular momentum in radical reactions
The intrinsic spin angular momenta possessed by electrons and nuclei can be expected to exert dramatic influences on the rates ofchemical reactions only under conditions such that the usual laws for conservation ofangular momenta break down. The total spin angular momentum of electrons and nuclei is faithfully preserved for the elementary steps of all radical reactions involving homolytic transfer. The "goodness" of the spin conservation laws is related in part to time scales. An elementary chemical step typically requires _,=10 12 to 10-13 sec for completion (time period of nuclear vibrational reorganizations). There is little chance for alternation ofthe electronic or nuclear spin momentum during such a short time period. In effect, the rephasing ofthe vectors representing electronic or spin angular momentum is very slow relative to nuclear motion. The FranckCondon principle states that electronic orbital motion is much faster than nuclear motion, so that nuclear spatial configurations are fixed during electronic reorganizations-i.e., during the time ofan electronic transition, the initial and final nuclear spatial configurations are identical. Of course, after the electronic transition has been completed, the nuclei will readjust to the new electronic potential in which they are immersed and (in general) a new nuclear configuration will result.
Wigner's selection rules for conservation of spin angular momenta during chemical reaction can be viewed in a manner analogous to the Franck-Condon principle: during the time period of a typical elementary chemical step, the spin angular momentum changes much more slowly than the electronic or nuclear spatial reorganizations; therefore, the initial and final spin angular momenta are identical for an elementary chemical pro-
cess.
It is now apparent that there may be general situations for which the spin angular momenta may not be conserved in radical reactions-e.g., for "long-lived" states. In such situations, the life-times of radicals are long enough to allow the spin angular momentum vectors "to move" and to follow electronic and nuclear spatial reorganizations. A further requirement is that any change in spin angular momentum must be compensated a 3 t = 0 t for in detail by some other momentum exchange in the system. For example, if a change in spin multiplicity (e.g., a triplet-tosinglet ISC) can occur along with the change in nuclear spin, overall conservation laws may be obeyed.
At this point it may be clear that, in order to find systems for which nuclear spins influence the pathways of chemical reactions, it is necessary to consider three kinds of time-dependent processes: (a) the chemical dynamics of the reacting system, which cannot be too fast (or the spin angular momenta will be faithfully conserved) or too slow (or the spin angular momenta will be randomly dispersed); (b) the spin dynamics of the interaction electron and nuclear magnetic moments (which depend on rates ofprecession ofthe various spin momenta vectors and their orientations in space); (c) the molecular dynamics of diffusion and rotation of the reacting species (which may influence directly both the rates of chemical processes (Fig. 7) . Ifthe representative point starts on the triplet surface, it experiences a repulsive force that drives it to the right-i.e., toward bond breaking. The momentum provided by this force will tend to cause a and b to continue to separate. The point will remain on the triplet surface even in the touching region. If nuclear spins assist in ISC from the triplet surface to the singlet surface and if the direction ofthe momentum of the representative point can be reversed to the left-i.e., toward bond-making-stable singlet molecules will be formed and these -molecules will be enriched in the nuclear states that assisted in the ISC process, if an "escape" route is available for radical pairs that do not. possess hyperfine interactions.
In the absence of any perturbing magnetic fields, the two orbitally uncoupled spins on a and b will remain at some indefinite overall orientation in space but will maintain a well- Free radicals a + defined relative orientation of one of the triplet levels. In the presence ofmagnetic fields the electron spins will precess about a direction that is determined by the strengths of the available fields. If the fields are identical for the two separated electron spins, their precessional rates and relative orientations will remain identical-i.e., the electronic spin character of the pair will not change. If, however, the fields operating on the two spins are different, the rates ofprecession ofthe individual spins will differ if the field operates perpendicular to the x or y axis, and the triplet phasing will be lost or one of the electron spins may be turned over or flipped (if the field operates perpendicular to the z axis).
The interplay of spin dynamics, molecular dynamics, and chemical dynamics: Influence on the rate and efficiency of ISC of a RP
The spin dynamics of a RP (hyperfine-induced ISC) and the molecular dynamics of a RP (diffusional and rotational displacements in space) cannot be treated independently in general. The diffusional motions lead to an array of average separations of the odd electron centers and the rotational motions lead to time-dependent relative structural orientations ofthe fragment. Thus, diffusion and rotation modulate the (distance and orientation dependent) exchange interaction between the radical fragments in the RP. Because the exchange interaction determines the singlet-triplet splitting, any dynamic features that modulate the exchange interaction will also modulate the singlet-triplet splitting and, in turn but indirectly, will also modulate the rate of ISC in the RP.
The chemical dynamics of the RP also enter the efficiency of ISC ofa RP. Because ISC is typically a relatively slow process, the RP must preserve its chemical integrity during the time period required for ISC to occur. An irreversible chemical reaction may destroy the RP (via self-reaction) or modify one or both of the radicals (via independent reactions of the individual radicals to produce a new RP). Thus, unless ISC can occur before an irreversible chemical reaction destroys or modifies the RP, the efficiency of ISC of the initial RP is decreased. On the other hand, ifa RP is formed reversibly, the chemical dynamics provide an opportunity to enhance the nuclear spin isotope effect by providing an escape route for the pairs for which nuclear spins cannot promote ISC. This can be seen in the following example. Suppose the triplet RP 3ab experiences a competition between nuclear spin-induced ISC to 'ab and a chemical reaction that does not depend on nuclear spin. If 'ab efficiently reacted to regenerate a-b, then a means of separating molecules of a-b, based on nuclear spins, is available.
Isotopic separations based on nuclear spins
The reactivity of a RP within a solvent cage (RP) depends critically on the spin state of the pair. As a general rule, a singlet RP ( ¶RP) within a solvent cage is very reactive toward combination and disproportionation reactions, whereas triplet RPs in a solvent cage (3RP) are completely unreactive toward such reactions. The options open to a 3XP in a chemically inert solvent are (a) chemical modification of one (or both) of the components of the pair to produce a structurally different triplet radical, (b) relative diffusion of the pair out of the solvent cage, and (c) ISC to produce a reactive singlet RP. The general rule concerning the differing reactivities of 'RP and 3XP is based on the premise that the time of reaction of a caged RP is too short for a change of electronic spin multiplicity.
(b) 3R-* 'or a + (C) 3RP-*RP Path b provides an escape pathway for pairs that do not possess magnetic spins and path c provides a capture for the pairs that possess magnetic spins. A strategy for controlling the reactions of RPs with nuclear spins can now be developed. If the nuclear spins communicate with the electron spin via nuclearelectronic hyperfine-induced ISC ofa RP, then reactivity ofthe RP will depend on the nuclear-electronic hyperfine coupling.
As a general example, consider two RP precursors, a*-b and a-b, that differ only in isotope substitution (Fig. 8 ) (* refers to the occurrence of magnetic nuclei in a fragment of the RP).
Suppose now that both precursors are cleaved into a caged triplet RP, 3a*b and 3ab, respectively. Ofthe two, 3a*b will convert more rapidly into singlet la*b because the magnetic nuclei in a* provide a mechanism for ISC that is completely absent in 3ab. If a singlet RP undergoes a cage recombination reaction, then a*-b will be reformed faster than a-b. This means that as the reaction proceeds, the system will become enriched in the reagent containing magnetic nuclei. In principle, such a system could lead to complete separation of the isotopic materials of a*-b and a-b, if the escape process occurred for all pairs that did not contain magnetic spins and if the capture process occurred for all pairs containing magnetic spins.
For efficiency, however, two important criteria must be met: (i) the hyperfine interactions in the caged RP a*b must be large enough to allow for the possibility that ISC crossing to la*b can be determined mainly by nuclear spins, and (ii) the formation offree radical products (chemical or modification ofthe RP) from 3ab must occur more efficiently than ISC to lab. In turn, in order for these criteria to be met, certain space/time conditions must exist: (a) the caged RP 3a*b must be able to use the hyperfine interactions fully by being able to have the radical fragments separate in space to a distance such that the singlet-triplet splitting is of the order of or smaller than the hyperfine interaction and (b) the time of separation must be appropriate for maximal ISC induced by hyperfine interactions.
Thus, the probability of triplet-singlet ISC ofa RP and hence the probability of reaction of the RP depends on the occurrence of nuclear spins and on the spin orientations of the magnetic Review: Turro (a) 'TP---* disproportionation or combination or both nuclei in the pair. As a consequence, the combination or capture products may be enriched (or impoverished) in nuclear spins or nuclear spins ofa certain orientation-i.e., a nonequilibrium or polarized population of nuclear Zeeman levels is produced in the combination products. This phenomenon is known as "chemically induced dynamic nuclear polarization (CIDNP)." Furthermore, the probability of combination reaction of a triplet RP depends on the hyperfine electron-nuclear interactions, so that RPs possessing nuclei ofisotopes with different magnetic moments will have combination probabilities that are related to the hyperfine coupling of the nuclear magnetic moments to the electron magnetic moments.
For example, it could be imagined that triplet RPs containing a magnetic isotope (e.g., '3C) undergo more rapid ISC than RPs containing nonmagnetic isotopes (e.g., 12C). As a result, singlet pairs containing magnetic isotopes form more rapidly and hence self-reactions involving magnetic isotopes occur with a more rapid rate and a higher probability (ifan escape reaction or process is available to the nonmagnetic pairs). I shall now review the experimental results that demonstrated the feasibility of separation of 13C-from 12C-containing molecules via the magnetic isotope effect.
EXPERIMENTAL RESULTS Photolysis of dibenzyl ketone: A paradigm system for investigation of the influence of nuclear spins on the reactions of RPs The photochemistry of dibenzyl ketone (DBK) has provided an excellent basis for exploration and demonstration of the influence of nuclear spins on the reactions of RPs. The overall reaction (Eq. 3) leads to quantitative yield of 1,2-diphenylethane (DPE) and CO. hv C6H5CH2COCH2C6H5 -* C6H5CH2CH2C6H5 + CO. [3] DBK DPE
The "classical" mechanism for photolysis of DBK in typical nonviscous organic solvents is: hv C6H5CH2COCH2C6H5 -* S1 [4] T-C6H5CH2CO CH2C6H5 [6] 3RP C6H5CH2CO + C6H5CH2 [7] C6H5CH2CO C6H5CH2 + CO [8] 2 C6H5CH2 C6H5CH2CH2C6H5. [9] The initial act of absorption produces a n, e* excited singlet state (Sl) which undergoes a radiationless transition to a lowerlying n, ir* triplet state (T1 'RP -3 C6H5CH2COCH2C6H5.
[12] Eqs. 10 and 11 representcompetitiveprocessesofan electron spin-correlated RP: ISC whose rate is (in principle) dependent on nuclear spins, and decarbonylation which does not involve a change in magnetic properties and whose rate should therefore not depend on nuclear spins. However, in homogeneous solution, neither Eq. 10 nor Eq. 11 occurs efficiently because escape from the solvent cage and formation of free radicals is the process which "destroys" the correlated pair, 3RP.
Evidently, because the cage environment provided by homogeneous, nonviscous, solvent is too "weak" to contain 3RP for a sufficiently long period of time, a much "stronger" or "super" cage environment is required to allow the competitive steps, Eqs. 10 and 11, to operate. The requirements of such an environment are that the fragments of 3RP be allowed to execute diffusional and rotational motions that will decrease J (electron exchange energy) to a value comparable to or smaller than that of the hyperfine energies associated with the radical fragments in the pair. The environment must allow and encourage 1RP to undergo combination reaction(s) after ISC.
An environment that meets these requirements is provided by the hydrophobic interior and surface of micelle aggregates which form in aqueous solutions of ionic detergents.
Micellar aggregates from aqueous solution of detergents
The structure of a detergent molecule typically is partially hydrophobic and partially hydrophilic (5, 6). For instance, ionic detergents commonly have a straight chain hydrocarbon "tail" consisting of [10] [11] [12] [13] [14] [15] [16] [17] [18] carbon atoms terminating in an ionic "head." Hexadecyltrimethylammonium chloride (C16NMe3Cl), CH3(CH2)15N(CH3)3C 1, is an example of a cationic detergent and sodium dodecylsulfate, CH3(CH2)11OSO-Na', is an example of a anionic detergent. When added to water at low concentrations, these detergents form solutions that have the properties expected for solutions of simple electrolytes. Above a certain concentration (that depends on the detergent structure) many ofthe properties (i.e., viscosity, light scattering, electrical conductance) of the solution deviate sharply from those expected for solutions of simple electrolytes.
The concentration (or range of concentrations) for which the properties of detergent solutions begin to show sharp deviation from the behavior of simple electrolytes is called the "critical micelle concentration" or CMC because at this concentration detergent molecules begin to aggregate to form micelles. Fig.  9 In terms of the reactions of RPs, some important quantitative differences exist between solvent cages and micelles. The first difference has to do with the "size" ofthe two cages. The volume of a solvent cage is, by definition, roughly the size of the encounter RP-i. e., very little free volume is available to the pair so that occupation of the cage is equivalent to being in the state of collision. The volume of a micellar cage, on the other hand, is large enough to allow the geminate pair to separate by distances up to tens ofangstroms. The second difference has to do with the time scale for which the RP exists as a geminate pair.
For nonviscous organic solutions (e.g., benzene, acetonitrile) at ambient temperature the residence time of a primary geminate pair in a solvent cage is --10`1 to 10"1 sec. In contrast (7), if the RP possesses six or more carbon atoms, the residence time of the RP in the micelle will generally be > 106 sec.
Effect of micellization on reactions involving RPs
Qualitatively there are a number of general and novel consequences expected when hydrophobic RPs are generated photochemically in micelle environments, including: (i) an increase in the efficiency of cage reactions, relative to homogeneous solution, as a result of the relatively slow escape rate of radicals from micellar cages relative to solvent cages, and (ii) a decrease in the quantum yield for net reaction in micelles relative to homogeneous solvents as a result of enhanced radical recombination (also a manifestation ofthe slower escape rate ofradicals from micellar relative to solvent cages).
Photolysis of DBK in micellar aggregates
In homogeneous solution, the extent of cage reaction is ='0% for the photolysis of DBK (8, 9). However, photolysis ofaqueous solutions of DBK in micelles results in substantial cage reaction (10) . Fig. 10 summarizes the mechanistic conclusions of an extensive series of investigations. The initial 3RP was found to undergo two major reaction pathways: (i) ISC to a singlet 1RP, and (ii) decarbonylation to produce a secondary caged 3RP'. The 'RP undergoes two combination reactions (within the "cage" provided by the micelle aggregate) to regenerate DBK (path a) and to produce an isomer, l-phenyl-4-methylacetophenone (path b). The secondary caged RP' undergoes two processes: (i) ISC to a 'RP (which then undergoes rapid combination to yield diphenylethane in a cage reaction) and (ii) formation of random free radicals. Fig. 11 ing only 12C will undergo escape reactions (i.e., decarbonylation to form 3RP'). One effect of nuclear spins on the reactions of DKB in micelles will be that the combination products (regenerated DBK and 1-phenyl-4-methylacetophenone) will be enriched in 13C! A second effect of nuclear spins will be that the 13C enrichment will be different at the various distinguishable atoms of DBK and 1-phenyl4-methylacetophenone and the extent of enrichment at each distinguishable atom will be related to the 13C hyperfine interaction in the RP. A third effect of nuclear spins will be that the efficiency of enrichment will be field dependent, with efficiency decreasing upon application ofa high laboratory magnetic field. The latter expectation is the result of an indirect effect of nuclear spins: at zero or low magnetic field all three triplet sublevels of 3RP can undergo hyperfine induced ISC to 'RP, but at a high field (i.e., one whose strength is much stronger than the hyperfine interaction) only Tow-S ISC will occur-i.e., the intersystem crossing of T, and T_ to 1RP will be "quenched" at high field and result in a decrease in the efficiency of 13C enrichment. Indeed, all three expectations have been confirmed by experiment (10, 11 The magnetic spin isotope effect on recovered DBK Ifa C16NMe3Cl solution of DBK is photolyzed to partial conversion, the residual, recovered DBK is found to be enriched in 13C relative to the initial, unphotolyzed DBK. As a simple demonstration of this effect, consider Fig. 13 which shows the 'H NMR spectrum of DBK that has been synthetically enriched to 47.6% in 13C at the carbonyl carbon (natural abundance of 13C is 1.1% per carbon atom). A very sensitive test for the 13C enrichment ofthe carbonyl ofDBK is available from integration of the 13C satellites in the 'H NMR spectrum: the methylene protons of DBK (Fig. 13) with a`2C carbonyl are a singlet (at 3.66 ppm, CHC13, Me4Si as internal reference); a doublet centered at the same chemical shift with J13c,H = 6.5 Hz is caused by 13C-proton coupling when '3C is contained in the carbonyl.
Integration over the singlet and doublet signals allows determination ofthe '3C content ofthe carbonyl of DBK. Thus, from the "satellite method" 62 ± 4% 13C is computed to be in the recovered DBK (after 91% conversion). For the DBK recovered after 91% conversion, a quantitative agreement exists between the mass spectrometrically determined mass increase and the 13C enrichment of the carbonyl of DBK determined by 'H NMR. After mass spectroscopy and 1H NMR analysis these samples of DBK were subjected to 13C NMR analysis, which also established qualitatively that the predominant '3C enrichment occurs in the carbonyl of DBK (the relative increase of the carbonyl signal corresponds to a 60 ± 5% 13C content). These experiments demonstrate that recovered DBK becomes enriched in 13C as a result of photolysis of DBK in C16NMe3Cl micelles.
These results provide strong evidence that there is a magnetic spin isotope effect in the photolysis of DBK in micellar systems.
In contrast, the photolysis of DBK in nonviscous homogeneous solvents (e.g., benzene) does not result in significant 13C 0 PhCH2CCH2Ph SOAP enrichment in the recovered DBK (11, 12, 13) . However, photolysis of DBK in viscous solution (e.g., glycerol/tertiary butanol) leads to significant enrichment in the recovered DBK (14) .
Thus, the efficiency ofisotope separation induced by the spin isotope effect can be markedly enhanced by carrying out the reaction of a RP in an inert environment that provides, in a closed volume or in a restricted space, for the diffusional displacements of a RP.
It has been shown that, for a simple theoretical model (12) (13) (14) , ifthe size ofthe space (R, the radius ofan idealized spherical space) and the diffusional rates (D, the diffusion coefficient) in the restricted space satisfy the relationships k << DIR2 (where k is the rate of self-reaction of the RP), the efficiency of the magnetic isotope effect is maximal when k -a where the latter is the sum of the effective magnetic interactions in the RP. For typical organic radicals, la 108 s-1 and for a nonviscous environment D 10-5 Cm2 S-I so that 108s-1 a < (10-5/R2) s--i.e., R should be of the order of 10-100 A.
In terms ofa surface diagram (Fig. 14) the role of the micelle may be viewed as providing a boundary which "reflects" the representative point back toward the hyperfine-induced hole after an "overshoot" has occurred. Thus, diffusive escape is temporarily thwarted and a 13C-containing molecule receives extra chances to find a hole which allows return to ground state DBK. Eventually, of course, escape by decarbonylation will take place ifneither diffusive escape nor bond formation occurs. carbon, the '3C enrichment at the various distinguishable carbon atoms in the combination products will be related to the magnitude of the '3C hyperfine constant, ac, for each of the corresponding carbon atoms in 3RP. Fig. 15 for numbering system). If, as expected for freely diffusing radical pairs, the l C enrichment increases monotonically,' with ac (15) , it is apparent from Table 2 that the ordering of ' C enrichment should be C, > C10 > C1H > Caromatic According to the mechanism in Fig. 12, 1- phenyl-4-methylacetophenone is a combination product which both results after 3RP -* 'RP ISC and which preserves the memory ofeach distinct carbon atom of3RP in its final structure.
Although mass spectroscopic analysis allows determination of the global 13C enrichment in 1-phenyl-4-methylacetophenone, the measurement of13C enrichment at each carbon is best made by a magnetic resonance method. 1H NMR 13C satellite intensities, for example, were used as a complement to mass spectroscopy for monitoring the 13C content of specifically labeled DBK and 1-phenyl-4-methylacetophenone samples. However, 13C NMR has the advantage that specific 13C labeling is not required, because small deviations from natural abundance may be determined directly by comparing peak intensities from the sample of interest with those from a standard. The relative enrichments for 1-phenyl-4-methylacetophenone obtained in this way are summarized in Table 2 (19) . The data in Table 2 however, seems to depend somewhat nonlinearly on a,. For example, C10 seems to be overenriched and C2 underenriched relative to the magnitudes of their hyperfine couplings. The data nevertheless are in good qualitative agreement with the expectations for a predominant nuclear spin, rather than mass, isotope effect for the formation of 1-phenyl-4-methylacetophenone.
Nuclear spin isotope effects versus classical mass isotope effects Several features distinguish the effect ofnuclear spins on chemical reactions from those due to the "classical" mass isotope effect: (i) significant nuclear spin isotope effects will generally be confined to reactions involving radicals and RPs; (ii) the nuclear spin isotope effect typically operates at stages that are not ratelimiting, such as self-reactions of RPs; (iii) the nuclear isotope effect for "heavy" nuclei ('3C, 170) may reach values approaching and exceeding many tens or hundreds ofpercent, in contrast to the classical mass isotope effect for heavy nuclei which rarely exceed a few percent; (iv) the nuclear spin isotope effect is sensitive to the application ofa magnetic field, whereas the classical isotope effect is completely independent of the application of a magnetic field; and (v) the magnitude of the magnetic spin isotope effect is related directly to the magnitude of the magnetic moment of the isotope and not to the magnitude of the mass of the isotope. The influence of an applied field on the effectiveness of nuclear spin interactions
The nuclear electronic hyperfine interaction can serve as a spin rephasing interaction of each odd electron in a RP. This interaction operates even if the radicals are chemically identical but differ in the orientation of their nuclear spins. As a result, the rate of ISC ofa RP can depend on the nuclear spin states of the radicals because the orientation of the nuclear spins can influence the rate ofrephasing of To to S or ofS to To. The hyperfine interaction can be viewed as operating along all three directions of an axis system because the nuclear spins can assume various orientations in space. Thus, when the energy separation of the three triplet sublevels is small relative to the hyperfine interaction, the latter is expected to induce transitions between {T+, T} and S depends on the strength of an applied external field.
This important influence of an external field on ISC of a RP may be understood as follows. In general, when a perturbation induces a transition between states, its effectiveness depends on the ratio of the strength of the perturbation to the energy separating the states (AE) involved in the transition. When the strength of perturbation, P, is comparable or larger than AE, the probability oftransition is maximal (ifall other requirements for transition are met). If P << AE, (e.g., P/AE S 0.1), the probability of transition is small (even if all other requirements for transition are met). Because the strength of hyperfine couplings are typically <100 G (e.g., P 5 100 G), then hyperfine interactions will be ineffective or unable to induce transitions between {T+, T.} and S, when these states are separated by '1,000 G (i.e., AE -1,000 G). This means that at "low fields" (operationally, P ; AE), the three triplet sublevels can undergo hyperfine induced ISC to S, but at "high fields" (operationally loP < AE), only To and S can undergo hyperfine-induced ISC (Fig. 16) .
Suppose that, starting from a triplet geminate RP, there exists a hyperfine interaction that efficiently induces ISC from {T+, T. To} to S at low field. In this case, substantial ISC to S may occur and a limiting value of 100% cage reaction may be observed in the limit. At high field, T, -+ S and T_ -S ISC are "quenched". If mixing oftriplet sublevels is also quenched, then only To --S ISC can occur. This means that T+ and T.
will, in the limit, undergo escape processes exclusively, whereas only To and S will undergo cage reaction-i. e., the cage effect will drop from -100% at low field to -33% at high field. Applied magnetic field effects on the reactivity of caged triplet geminate RPs Let us consider how the above ideas will impact on the behavior of caged triplet geminate RPs (Fig. 17) . At low fields all three triplet sublevels will undergo hyperfine coupling-induced ISC to S, whereas at high fields only To will be able to undergo ISC. This means that the percentage cage combination will be dependent on the strength of the applied magnetic field and will initially decrease and then reach a limiting value. Fig. 18 shows that these expectations are met for the cage efficiency for formation of diphenylethane. Qualitatively, we assume that, from the starting point of 3RP', a competition is set up between hyperfine-induced ISC and escape from the micelle. At Note that '3C substitution at C-1 has no influence on the cage effect, but 13C substitution at C-2 or C-2' causes a substantial increase in the cage effect.
RP which has a natural abundance of "3C. Thus, the efficiency of combination is greater for the RPs enriched in 13C.
Magnetic field effect on the dynamics of benzyl-benzyl RPs in micellar aggregates The experiments discussed above were concerned with the influence of magnetic fields on the efficiency of recombination oftriplet geminate RPs. The suggested mechanism implies that the lifetime of the T+ and T. components of the benzyl-benzyl RP should be increased by application of a magnetic field. Fig.  19 shows the results ofa flash spectroscopic measurement which confirm this inference. The solid and dashed curves show the decay of benzyl radical absorption after photolysis of DBK with a 16-nsec burst of light from a laser (20) . In the very short time domain right after the pulse (=20 nsec), a slight build-up of benzyl radical absorption is observed (interpreted as a combination of events which decrease benzyl radical absorption and an initially greater increase in benzyl radical absorption due to This result is interpreted to mean that the T, and T. states are inhibited from recombining in the field. Because escape from the micelle aggregate takes >1,000 nsec, the decay profiles shown in Fig. 19 are intramicellar.
Magnetic spin effects on polymerization
Many industrially important polymerizations are initiated by decomposition of initiators that form RPs. The efficiency ofinitiation and the molecular weight of these polymerizations often depend on the competition between cage and escape reactions ofthe RP. Because nuclear spins can influence the competition between the cage and the escape processes, it should be possible to find systems for which nuclear spins can influence the course of polymerizations. Emulsion polymerizations are particularly attractive as candidates for such systems because, at the initial stage ofpolymerization, micelles swollen with monomer units serve as the loci for the initiation of polymerization (21) . Applying the concepts discussed above for magnetic isotope effects and magnetic field effects on the chemistry oftriplet RPs, we predict that the efficiency and the molecular weight of emulsion polymers may be significantly influenced by weak magnetic fields such as those associated with magnetic nuclei or with the magnetic stirrers used to agitate solutions of reactants. The basic idea behind magnetic effects on emulsion polymerizations is shown schematically in Fig. 20 . An organic initiator produces a RP in a micelle that is swollen with monomer. One ofthe radical fragments ofthis pair initiates polymerization within the micelle. However, because radicals are generated pairwise, a second radical will be present initially in the micelle and will serve as a chain terminator and as a source of initiation inefficiency because "cage" combinations of the RP pair can occur. If, on the other hand, one ofthe radical fragments escapes the micelle, initiation and propagation will be more efficient and a high molecular weight polymer can be produced.
Because nuclear spins can influence the competition between cage combinations and escape processes of the RP, RPs possessing magnetic isotopes should be less efficient at initiating emulsion polymerization than RPs possessing nonmagnetic isotopes. In addition, weak applied magnetic fields (<1,000 G) should increase the efficiency of initiation and the molecular weight of the emulsion polymer.
Both of these expectations were realized experimentally (22) in the DBK photoinitiated polymerization ofstyrene and methyl methacrylate in aqueous solutions of sodium dodecyl sulfate. Benzyl radicals initiate these polymerizations. It was found that initiation with C6H513CH2CO'3CH2C6H5 was less efficient and produced lower molecular weight than did initiation with C6H512CH2C0'2CH2C6H5. This is interpreted to mean that C6H513CH2 13CH2C6H5 RPs undergo more efficient cage reaction relative to escape than do C6H512CH2 12CH2C6H5 RPs as expected from Fig. 20. Both the efficiency of polymerization and the molecular weight of polymer produced in the DBK photoinitiated emulsion were found to depend on the strength ofan applied external field. Fig. 21 shows the molecular weight of polystyrene produced in the DBK photoinitiated emulsion polymerization of styrene as a function of applied external magnetic field. The molecular weight increased by -"500% as the magnetic field increased from the value ofthe earth's field (-=0.5 G) to a value of several hundreds of gauss; then the effect of magnetic field reached a limiting value, as expected.
It is noted in passing that the magnetic stirrer bars that are used typically to stir solutions generate fields of the order of several hundred gauss. Indeed, the course of the DBK photoinitiated emulsion polymerization of styrene was found to be influenced (rate and molecular weight) by the size of the stirrer bar used to agitate the reaction mixture. SUMMARY Under certain conditions, nuclear spins can dramatically influence the rates and efficiencies of reactions of RPs (23) (24) (25) . Among the key requirements to maximize the influence of nuclear spins on reactions of RPs is to start with a triplet RP in a super cage environment that allows for the correct time and space requirements for the development of singlet character and which encourages return of the fragments to a self-reactive configuration. Another requirement is an escape process for the nonmagnetic RPs. If these conditions are met, a novel means of separating nuclear isotopes (11) , based on difference in magnetic moments, and a means of controlling chemical reactions with weak applied magnetic fields (26) become possible.
